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I Abstract  

We i n v e s t i g a t e  the.globa1 atmospheric and c l i m a t i c  consequences 

of nuclear  war f o r  a wide range of detonat ion y ie lds  and scenar ios ,  

and f o r  v a r i a t i o n s  of uncertain physical parameters over their  

p l a u s i b l e  ranges of values. S ign i f i can t  hemispherical (and possibly 

g l o b a l )  a t t enua t ion  of the so la r  r ad ia t ion  f lux  ( t o  l e s s  than ten 

percent of a d i e n t  f o r  several  weeks) and cool ing o f  cont inental  land 

a r e a s  (by 30 K or more f o r  1 t o  2 months) may be caused by smoke 

generated i n  c i ty  and f o r e s t  fires i g n i t e d  by a i r b u r s t s  o f .  a l l  

y i e l d s ,  and by fine d u s t  ra ised i n  high-yield sur face  bursts. A 

l imi t ed  number of nuclear  explosions around urban centers, amounting 

t o  only ?J 100 megatons of t o t a l  y i e l d ,  can c r e a t e  smoke op t i ca l  

d e p t h s  > 1 f o r  weeks and, even i n  sumner, subfreezing land 

temperatures  f o r  months.  

involving severa l  thousand megatons, i n  wh ich  both d u s t  and smoke a r e  

generated,  l i g h t  l e v e l s  a r e  i n i t i a l l y  reduced t o  a few percent of 

ambient, and temperature minima a r e  < 250 K. Radioactive f a l l o u t  on 

in te rmedia te  t imesca les  (days t o  weeks) can lead t o  mean doses of 

ion iz ing  r ad ia t ion  (from external plus  in t e rna l  emitters) of 100 rads 

In most of the s imulated exchanges 

?r 

o r  more a t  Northern midlat i  tudes. Large hor izonta l  temperature  

g rad ien t s  caused by absorption of sun l igh t  i n  nuclear  d u s t  and smoke 

clouds may g rea t ly  a c c e l e r a t e  t r a n s p o r t  of p a r t i c u l a t e s  and 

r a d i o a c t i v i t y  from the Northern t o  the Southern Hemisphere. When 

combined w i t h  the prompt des t ruc t ion  from nuclear  b l a s t ,  fires and 

f a l l o u t ,  and the delayed enhancement of s o l a r  u l t r a v i o l e t  rad ia t ion  

due t o  ozone deple t ion ,  exposure t o  the co ld ,  dark and r a d i o a c t i v i t y  

may pose se r ious  t h r e a t s  t o  the global ecosystem. 
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Introduction 

Concern has been raised over the short- and long-term conse- 

. quences of the dusk, smoke, radioactivity and t o x i c  vapors generated 

by a nuclear "war" (1-7). The discovery t h a t  dense clouds of soil 

particles may have played a major role i n  past MSS extinctions of 

l i f e  on Earth (8-10) has encouraged our reconsideration of nuclear 

. war effects. I t  has also been suggested t h a t  massive fires ignited 

by nuclear explosions could generate immense quantities of sooty 

smoke, which attenuates sun1 i g h t  strongly ( 7 ) .  

ments have led us t o  calculate, using new data  and improved models, 

the climatic effects of d u s t  and smoke clouds (henceforth, nuclear 

dust and nuclear smoke) generated in a nuclear war (11). 

f u l  1 exchange, thousands of such cl ouds , produced by i ndi v i  dual 

explosions and merging w i t h  one another, could blanket northern mid- 

These recent devel op- 

After a 

latitudes i n  days, altering the atmospheric radiation balance and 

eventually perturbing the circulation and c l imate  on a g loba l  scale. 

Possible rapid transfer of tropospheric and stratospheric dust and 

smoke from the Northern t o  t h e  Southern Hemisphere, ignored i n  

previous investi ga t i  ons , could i nvol ve the ent i re gl  obe i n  the 

aftereffects. - 

Below, we discuss the long-term impacts of nuclear warfare, b u t  

deliberately neglect the short-term effects of blast, f i re  and radia- 

' t i o n ,  which would surely represent, by themselves, an unprecedented 

human catastrophe (12-14). However, most of the world's popu la t ion  

' cou ld  survive the i n i t i a l  nuclear exchange, and would inherit the 

post-war environment. Accordingly, the global-scale aftereffects of 

. 
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nuclear war m i g h t  prove t o  be as important  as, o r  more important 

than, the conflict i t se l f .  

To study these phenomena, we employ a series o f  physical models: 

a nuclear scenario model, a particle microphysics model, and a 

radiative-convective model. The nuclear scenario model calculates 

the a1 t i tude-dependent dust, radi oacti vi t y  , smoke and NO, 

injections for each explosion i n  a nuclear exchange (given the size, 

number and types o f  detonations, including heights of burst, 

geographical locales and fission yield fractions). The source model 

parameterization i s  discussed below, and i n  a detailed report (15).  

The one-dimensional microphysical model (15-17) predicts the time 

evolution of horizontal ly-di spersed dust and smoke clouds. The 

radi a t i  ve-convecti ve model uti1 i zes the predicted d u s t  and smoke 

particle size distributions and optical constants, and Mie theory t o  

calculate visible and infrared optical properties, l i g h t  fluxes, and 

a i r  temperatures as a func t ion  o f  time and height. 

used i n  these calculations are also we1 1-documented (15-18). 

The techniques 

Scenarios 

We have reviewed the world's nuclear arsenals (19-23). The 

primary strategic and theater weapons amount t o  % 12,000 megatons 

(MT) of yield carried by % 17,000 warheads. While the t o t a l  number 

o f  high-yield warheads i s  declining w i t h  time, roughly 7,000 MT may 

s t i l l  be accounted for by warheads > 1 MT. These awesome arsenals 
% 

are roughly q u i  valent i n  explosive power to.  one m i  1 1  i o n  H i  roshima 

bombs. There are also % 20,003 lower yield tactical warheads and 
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munitions which are ignored i n  this  analysis. 

possible use of nuclear weapons are complex and controversial. 

Historically, studies of the long-term effects of  nuclear war have 

focused on a full-scale exchange i n  the range o f  5,000 t o  10,000 MT 

(2 ,  12, 19) .  

arsenals, and the unpredictable nature of warfare, particularly 

nuclear warfare, i n  w h i c h  escalating massive exchanges are likely 

Scenarios for the 

Such exchanges are possible, given 'the current 

(24).  

An outline of the scenarios adopted here is presented i n  Table 

1. The baseline scenario assumes a net exchange of 5,000 MT. Other 

cases span a range of total yield from 100 t o  25,000 MT. Many high-  

priority military and industrial assets are located near or w i t h i n  

urban zones ( 2 5 ) .  Accordingly, a modest fraction of  the total yield 

i s  assigned t o  urban/industrial targets. Owing t o  the large yields 

of strategic warheads ( z  100 k i  1 o tons ,  KT), "surgical " strikes 

aga ins t  individual targets are diff icul t ;  e.g., a 100 KT airburst can 

level and b u r n  an area of  % 50 km2, and a 1 MT burst, ten times 

t h a t  area (26,  2 7 ) .  

The properties of nuclear dust and smoke are cri t ical  t o  the 

present analysis. The basic parameterizations are described in 

Tables 2a and b, respectively. For each explosion scenario, the 

fundamental quantities which must be known t o  make optical and 

climate predictions are t h e  total atmospheric injections of fine dust 

< 10 urn radius) and soot. 

* Nuclear explosions a t  or near the ground can generate fine 
(., 

particles by several mechanisms ( 2 6 ) :  ( 4 )  ejection and disaggregation 



of s o i l  p a r t i c l e s  ( 2 8 ) ;  ( i i )  vaporizat ion and renucleat ion of earth 

and rock (29 ) ;  and ( i i i  ) blowoff and sweepup of sur face  d u s t  and 

smoke ( 3 0 ) .  Analyses of nuclear test da t a  indicate t h a t  roughly 

1-6 x lo5 tons of d u s t  per megaton of explosive y i e l d  a r e  held i n  

the s t a b i l i z e d  clouds of land su r face  detonat ions ( 3 1 ) .  Moreover, 

s i z e  ana lys i s  of d u s t  samples c o l l e c t e d  i n  nuclear  clouds ind ica t e s  a 

s u b s t a n t i a l  submicron f r ac t ion  (32 ) .  The da t a  suggest t h a t  nuclear  

sur face  detonat ions may be much more e f f i c i e n t  i n  generat ing f ine  

d u s t  than volcanic  e rupt ions  (15),  which have been used inappro- 

p r i a t e l y  i n  the pas t  t o  c a l i b r a t e  t h e  impacts of nuclear  war ( 2 ) .  

The intense l i g h t  emitted by a nuclear  f i r e b a l l  is sufficient t o  

ign i te  flamnable mater ia l s  over a wide a r e a  (26) .  The explosions 

over Hiroshima and Nagasaki both i n i t i a t e d  massive conf lagra t ions  

( 3 3 ) .  In each c i t y ,  the region heavi ly  damaged by b l a s t  w a s  a l s o  

consumed by f i r e  ( 3 4 ) .  Assessments ca r r i ed  out over the pas t  two 

decades s t rongly  suggest t h a t  widespread f i res  would occur fol lowing 

most nuclear  bursts over f o r e s t s  a n d - c i t i e s  (35-41). The Northern 

Hemisphere has 4 x lo7 -km2 of f o r e s t  land, and holds an average 

2.2 g/cm2 of fuel  ( 7 ) .  The world’s urban and suburban zones 

cover  an area 

= 2-5 g / c d  (15);  cen t r a l  cities, which occupy an area 

km2,  have fuel  loads 

emissions o f  wildfires and large-scale  urban f i r e s  probably l i e  i n  

the range i 2-8% by mass of the fuel  burned ( 4 4 ) .  The  h i g h l y -  

absorbing sooty f r a c t i o n  ( p r i n c i p a l l y  g r a p h i t i c  carbon) of the  smoke 

could vary from 5-30% by w e i g h t  (45,  46) .  I n  wildfires, and probably 

1.5 x lo6 k d ,  w i t h  an average fuel  burden  

- 50,000 

The  smoke 10-40 g/cm2 (39, 40, 42, 4 3 ) .  
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i n  urban f i res ,  12 90% of the smoke mass consists o f  particles < 1 pm 

. i n  radius (47 ) .  For optical calculations, smoke particles were 

assigned an imaginary part of the refractive index o f  0.3 (48): 

A number of calculations were made t o  t es t  the sensitivity of 

the results t o  the choices of the physical parameters. These 

included the nuclear d u s t  size distribution function, the to t a l  dust 

lofted, smoke emission fractions, f i re  plume heights, aerosol optical 

constants, particle agglomeration rates and rainout lifetimes, and 

cloud dispersal rates. 

sensiti vi t y  analysis are sumnari zed bel ow. 

The most significant findings o f  the 

S i  mu 1 a t i  ons 

The model predictions discussed here generally represent effects 

averaged over the Northern Hemisphere (N.H.). The in i t ia l  nuclear 

explosions and f i res  would be largely confined t o  northern 

m i  dlatitudes ( 'L 30°N co  60°N) ( 4 9 ) .  

massive exchange m i g h t  occur w i t h i n  a few days, especially since the 

dust and smoke clouds would init ially be widely distributed i n  

1 ongitude (15). Accordi ngly,  the predicted d u s t  and smoke opacity 

could be larger by a factor of 2 t o  3 a t  midlatitudes, b u t  smaller 

Zonal spreadi ng f o l  1 owi ng a 

elsewhere. The hemispherically-averaged visible wavelength 

extinction optical depths (50) of the mixed nuclear d u s t  and smoke 

clouds corresponding t o  the scenarios listed i n  Table 1 are shown'in 

Figure I. For t h e  purpose of discussion, the vertical opt ica l  .depth 

provides a convenient diagnostic of cloud properties, which may be 

. i 
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used roughly t o  scale atmospheric l i g h t  levels and temperatures, for 

the various scenarios. 

In  the baseline scenario (Case 1, 5,000 MT), the ini t ia l  optical 

depth i s  'L 4, of which % 1 is  due t o  stratospheric d u s t  and % 3 t o  

tropospheric smoke. After 1 month the optical depth i s  s t i l l  'L 2. 

Beyond 2-3 months,  d u s t  dominates the optical effects, as the soot i s  

largely depleted by rainout and washout (52 ) .  In the baseline model, 

about one-third of the world's urbanized land area, or % 480,000 km2, 

i s  p a r t i a l l y  burned by % 1,000 MT of explosions (which represents 

just  20% of the net exchange yield). 

consumed over this  area is 

residential areas and a 10-40 g/cm2 i n  c i t y  centers (15, 42) .  

The mean q u a n t i t y  of fuel 

1.9 g/cm2, compared t o  2-5 g/cm2 i n  

Wildfires ignited by the remaining 4,000 MT of yield are assumed t o  

burn another 1 x lo6 km2 of forest, brush, and grasslands ( 7 ,  37) ,  

consuming The total smoke 

emission i n  the baseline model i s  450 m i l l i o n  tons (released over 

several days ) ; by compari son, current gl  obal smoke emi ssi ons 

(released over one year) are estimated as % 200 million t o n s  (15). 

0.5 g/cm2 of fuel i n  the process ( 7 ) .  

The optical depth simulations for Cases 1, 2,  9 and 10 i n  Figure 

1 show t h a t  a range of exchanges between 3,000 and 10,000 MT m i g h t  

cause nearly the same effects. Even Cases 11, 12 and 13, while less 

severe i n  their absolute impact ,  produce op t i ca l  depths comparable t o  

or  exceeding those of a major volcanic eruption. I t  i s  noteworthy 

t h a t  eruptions such as Tambora i n  1815 may have produced historically 

significant climate perturbations (53-55). 

' .  
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Unexpectedly, Case 14, a l i m i t e d  100 MT a i r b u r s t  a t tack over 

c i t i e s ,  generates l a rge  smoke opac i t i es  over a t  l eas t  a hemisphere. 

I n  t h i s  scenario, the  cores o f  2, 200 c i t i e s  are p a r t i a l l y  burned. 

Most l a rge  c i t i e s  ho ld  important s t r a t e g i c  targets ,  which suggests 

tha t ,  i n  any nuclear exchange, a subs tan t ia l  number of explosions 

would occur i n  urban se t t ings  where combustible mater ia ls  a re  

concentrated. S t ra teg i c  warheads ta rge ted  on c i t i e s  l i e  i n  the'; 100 

KT range, and are capable of i g n i t i n g  f i r e s  over la rge  areas adjacent 

t o  targets .  

o p t i c a l  and c l i m a t i c  consequences i n  a nuclear war. 

These facts imply a r e l a t i v e l y  low threshold f o r  major 

F igure  2 gives the  surface temperature per tu rba t ion  over land 

ca lcu la ted  from the dust and smoke o p t i c a l  depths f o r  several 

exchange scenarios. 

occur r ing  w i t h i n  3-4 weeks a f t e r  a major exchange. 

5,000 MT model, a minimum temperature o f  2 250 K (-23°C) i s  predic ted 

a f t e r  3 weeks. Subfreezing temperatures p e r s i s t  f o r  several months, 

Most s t r i k i n g  are the  extremely low temperatures 

I n  the  basel ine 

Among the  cases shown, even the smal lest  temperature decreases are 

5-10°C (Cases 4, 11 and 12). Since average surface temperature 

changes o f  only l 0 C  are considered s i g n i f i c a n t  (56), severe 

c l ima to log i ca l  consequences might be expected i n  each o f  these 

cases, Even the 100 MT c i t y  a i r b u r s t  scenar io (Case 14) produces' a 

two-month i n t e r v a l  of  subfreezing land temperatures, w i t h  a minimum 

again near 250 K. The temperature recovery i n  t h i s  instance Is 

hastened by the  absorption of sun l i gh t  i n  o p t i c a l l y  t h i n  l a t e  soot 

clouds (see below). Comparhble exchanges w i t h  and w i thout  smoke . 

emission (e.g., Cases 10 and 11) show t h a t  t he  t ropospher ic  soot  



layers cause a sudden surface cooling of short duration, while fine 

stratospheric dust i s  responsible for prolonged cooling lasting a 

year o r  more. 

In all cases considered, nuclear dust acts t o  cool the Earth's 

surface. Soot also tends t o  cool the surface except when the soot 

cloud i s  both optically t h i n  and located near the surface [an 

unimportant case because only re1 a t i  vely smal 1 transi ent warmi ngs 

< 2K can thereby be achieved (57)]. 
c\, 

The predicted temperature vari a t i  ons of the world's oceans due 

t o  radiative transport alone are always small (4 3 K cooling), owing 

t o  the great heat capacity and rapid mxi ing  of surface waters. 

However, changes in the atmospheric zonal circulation patterns (see 

below), m i g h t  significantly alter ocean currents and upwelling, as 

has occurred on a smaller scale recently i n  the Eastern Pacific ("El 

Ni:o"). 

continental land temperature decreases, particularly i n  coastal  

regions (10) .  

difficult  t o  assess due t o  possible changes i n  atmospheric 

c i  rcul a t i  on patterns. 

The oceanic heat reservoir would also moderate the predicted 

The effect on interior contintental temperatures is 

The predicted temperature changes (from ambient values) for the 

baseline nuclear exchange are illustrated as a func t ion  of time and 

altitude i n  Figure 3. 

perturbation are a large warming ( u p  t o  80 K )  occurring i n  the lower 

stratosphere and upper troposphere and a large cooling ( u p  t o  40 K )  

of the surface and lower troposphere. The warming i s  caused by the 

absorption o f  solar radiation i n  the upper-level dust and smoke 

The dominant  features of the temperature 
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clouds, and persists for an extended period due t o  the long residence 

time o f  the particles a t  great elevations. The strength o f  the 

warming i s  due both t o  the low thermal inertia of the atmosphere 

(because of  i t s  low density) and the ini t ia l ly  cold temperatures a t  

high altitudes. The low-level cooling is the result o f  t h e  

attenuation o f  the incident solar radiation by the aerosol clouds 

(see Figure 4 )  during the early period o f  the simulation. 

greenhouse effect occurs, because the solar energy i s  deposited above 

the height a t  which infrared energy i s  radiated t o  space. 

No 

The present results do not reflect the strong coupling between 

the modified heating/cooling rates computed here and the bulk 

atmospheric motions. Global circulation patterns would probably be 

altered in response t o  such large disturbances i n  the d r i v i n g  

forces. However, the prediction of circulation anomalies i s  beyond 

the capabi 1 i t y  o f  our 1-d radi a t i  ve-convect i ve model . 
Decreases i n  insolation f o r  several nuclear war scenarios are 

given i n  Figure 4. The baseline case implies average solar fluxes a t  

the ground $ 10% o f  normal values f o r  several weeks. 

causi ng the temperature decl i nes di  scussed above, the attenuated 

insolation could affect p l a n t  growth  rates, and vigor i n  the marine. 

(58) ,  l i t to ra l  and terrestrial food chains. In the 10,000 MT 

"severe" case, average l i g h t  levels are below the m i n i m u m  required 

for photosynthesis for about  40 days over much of the N.H. In a 

number of other cases, insolation may, f o r  more t h a n  two months, f a l l  

In a d d i t i o n  t o  

below the compensation point,. a t  which photosynthesis i s  insufficient 

t o  maintain p l a n t  metabolisn. Because the nuclear clouds are likely 
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t o  remain patchy the f i r s t  few weeks after an exchange, the leakage 

o f  sunlight through holes i n  the clouds could enhance the levels of 

p l a n t  growth activity above those predicted for average cloud 

conditions. 

Sensi t i  v i  t y  Tests 

Figure 5 shows the effects of variations in the nuclear dust 

parameters on the baseline dust cloud opacity ( w i t h  soot excluded). 

The ini t ia l  d u s t  optical depths vary from 0.2 t o  a 3. Nuclear d u s t  

alone could produce a significant climatological excursion, 

particularly i f  the submicron component i s  as much as 20-50 tons/KT. 

However, if the submicron particles comprise < 10 tons/KT, the dust 

optical effects would be no worse t h a n  for a major volcanic 

eruption. In the baseline case, the dust opacity i s  much greater 

t h a n  the opacity associated w i t h  the El Chichon and Agung eruptions 

(18, 59) .  

Figure 6 compares cloud opt ica l  depths for several variations of 

the baseline model smoke parameters ( w i t h  dust included). In the 

baseline case, i t  i s  assumed t h a t  firestorms inject only  a small 

fraction (Q 5%) of the total smoke emission i n t o  the stratosphere 

(60).  

However, i f  all the smoke i s  injected i n t o  the stratosphere and 

rapidly dispersed around the globe, Case 26 shows t h a t  large optical 

depths m i g h t  endure f o r  a year (Figure 6 ) .  

effects is also obtained i n  Case 22, where the tropospheric washout 

lifetime of smoke particles i s  increased f r o m  10 t o  30 days near the 

Thus, Case 1 and Case 3 ( n o  firestorms) are very similar. 

A prolongation of optical 
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ground. By contrast, when the nuclear smoke is ini t ia l ly  contained 

near the ground, and the dynamical and hydrological processes' are 

assumed t o  be unperturbed, smoke removal i s  much faster (Case 25). 

Some of the smoke s t i l l  diffuses t o  the upper troposphere and remains 

there for several months (61).  

If  the smoke i s  composed mainly of oily compounds, the particle 

density may be closer t o  1 g/cm3 t h a n  t o  the baseline value of 

2 g/cm3 (Ref. 48).  Case 28 i n  Figure 6 shows t h a t  the smoke opac- 

i ty  i s  roughly doubled when the lower density is  used (i.e., f o r  a 

f i x e d  smoke mass emission and s i t e  distribution, the particle number 

density and op t i ca l  depth vary inversely w i t h  the bulk density). On 

the other hand, the opt ica l  depths calculated for smoke imaginary 

refractive indices between 0.1 and 0.3 show virtually no differences 

(Cases 1 and 27) .  

index was allowed t o  vary between 0.3 and 0.01. A t  a value of 0.05, 

the absorption optical depth (50)  was reduced Dy on ly  50%, and a t  a 

value of 0.01, by 5 85%. The overall extinction, moreover, increased 

In other calculations, the imaginary refractive 

by 5%. These results demonstrate t h a t  l i g h t  absorption and heating 

rates i n  the nuclear smoke clouds are not very sensitive t o  graphitic 

carbon fractions larger t h a n  a few percent, 

One sensitivity test  (Case 29, not i l lust rated)  considers the 

optical effects i n  the Southern Hemisphere (S.H.) o f  soot and d u s t  

transported from the NOH. stratosphere. I n  this calculation, the 

smoke i n  the 300 MT S.H. Case 13 is combined w i t h  half  the baseline 

,'stratospheric dust and smoke ( t o  approximate rapid global dispersion 

i n  the stratosphere). The i n i t i a l  o p t i c a l  depth i s  = 1 over the 
I 
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S.H., dropping t o  about 0.3 i n  3 months. The pred ic ted  average S.H. 

con t inenta l  surface temperatures f a l l  by 8 K w i t h i n  several  weeks and 

remain a t  l e a s t  4 K below normal f o r  near ly  8 months. The seasonal 

i n f l uence  should be taken i n t o  account, however. For example, t h e  

worst  consequences f o r  the  N.H. might r e s u l t  from a spr ing  or  sumner 

exchange, when crops are vulnerable and f i r e  hazards are greatest. 

The S.H.,.in i t s  f a l l  or winter, might  then be l e a s t  s e n s i t i v e  t o  

coo l i ng  and darkening. 

scenar io f o r  t he  t r o p i c a l  regions i n  both hemispheres would appear t o  

be serious, and worthy of f u r the r  analysis.  Seasonal fac to rs  can 

a lso  modulate the  atmospheric response t o  per tu rba t ions  by smoke and 

dust, and should be considered, 

Nevertheless, t h e  imp l i ca t i ons  o f  t h i s  

A number of s e n s i t i v i t y  t e s t s  f o r  more "severe" cases were run 

w i t h  scenar io y i e l d s  ranging from 1,000 t o  10,000 MT and smoke and 

dust parameters assigned larger ,  but  not implausible,  values. The 

pred ic ted  e f fec ts  are c l e a r l y  subs tan t i a l  l y  worse. The lower 

probabi 1 i t i e s  o f  these assi gned parameter val ues must be wei ghed 

against  the  catast rophic  outcomes which they imply. Prudent p o l i c y  

would c a l i b r a t e  the  importance o f  these scenarios as the product of 

t h e i  r probabi 1 i ti es and t h e  costs of t h e i  r correspondi ng e f fec ts .  

Unfortunately,  we are unable t o  g ive an accurate q u a n t i t a t i v e  

est imate o f  the  re levant  p r o b a b i l i t i e s .  

however, the severe cases may be the most important t o  consider i n  

By t h e i r  very nature, 

. the deployment and use o f  nuclear weapons. 

With these reservat ions i n  mind, we present the o p t i c a l  depths 

for some o f  the  more "severe" cases i n  F igure 7. Large opac i t ies  can 

. c 
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persist f o r  a year ,  and land su r face  temperatures c a n  f a l l  t o  

230-240 K, or about 50 K below normal. 

levels (Figure 4 ) ,  these scenarios  r a i s e  the p o s s i b i l i t y  of 

Combined w i t h  low l i g h t  

ca t a s t roph ic  widespread ecological  consequences. 

Two s e n s i t i v i t y  tests were r u n  t o  determine roughly the 

impl ica t ions  f o r  op t i ca l  properties of aerosol  agglomeration i n  the 

e a r l y  expanding clouds ( the s imulat ions already t ake  i n t o  account t h e  

continuous coagulat ion of the  p a r t i c l e s  i n  t h e  dispersed c louds) .  

Very slow d ispers ion  of the i n i t i a l  s t a b i l i z e d  d u s t  and smke clouds 

over the N.H., t ak ing  near ly  8 months, was assumed. 

p a r t i c l e s  reduced the average opaci ty  a f t e r  3 months by about 40%. 

When the adhesion e f f i c i ency  of the c o l l i d i n g  p a r t i c l e s  was a l s o  

maximized, t h e  average opacity a f t e r  3 months was reduced by Q 75%. 

In the most l i k e l y  s i t u a t i o n ,  however, prompt agglomeration and 

coagulat ion might  reduce the average hemispherical cloud opt ica i  

d e p t h s  by 2040%. 

Coagulation of 

Other Effects 

We have a l s o  considered, i n  a less r igorous manner, the 

long-term effects o f  rad ioac t ive  fa1 l o u t ,  f i reba l l -genera ted  NO,, 

and pyrogenic t o x i c  gases ( 1 5 ) .  The physics of rad ioac t ive  f a l l o u t  

is well known (2,5,12,26,62).. The present c a l c u l a t i o n s  bear 

primari  l y  on the widespread accumulation of intermedi ate-ti mescal e 

f a l l o u t  due t o  dry deposi t ion and washout o f  dispersed nuclear  d u s t  

'(63). Predicted average chronic whole-body gamma ray doses f o r  the 

base l ine  scenar io  (5000 MT) are i l l u s t r a t e d  i n  Figure 8. For  
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exposure only t o  the  rad ioact ive dust which begins t o  f a l l  out a f te r  

a few days, t he  hemisphere-average t o t a l  dose accumulated over 

severdl months would be % 20 rad. F a l l o u t  dur ing t h i s  t ime would be 

conf i ned 1 argely  t o  northern mid1 a t i  tudes ; hence the  dose the re  coul d 

be 'L 2-3 t imes as la rge  (64). Considering t h e  accompanying inges t ion  

o f  b i o l o g i c a l l y  a c t i v e  rad ionucl ides (26, 6 5 )  and occasional exposure 

t o  l o c a l i z e d  fa l l ou t ,  we estimate an average chronic m id la t i t ude  dose 

o f  i o n i z i n g  r a d i a t i o n  f o r  the basel ine case ; 100 rad (66). 

10,000 MT exchange, t h i s  mean dose would be doubled. 

I n  a 

The s t ra tospher ic  nuclear-NO,/ozone problem has been t rea ted  

i n  a number of s tud ies (2-4, 7, 67). 

updated chemical r a t e  coe f f i c i en ts ,  g ive roughly the  same resu l t s  as 

these e a r l i e r  inves t iga t ions  (15).  Accordingly, d e t a i l e d  r e s u l t s  are 

not reviewed here. I n  Figure 9, however, nuclear-NO, i n j e c t i o n  

The present ca lcu la t ions ,  using 

p r o f i l e s  are shown f o r  several war scenarios. Owing t o  the  ra the r  

d i  r e c t  dependence o f  ozone deplet ion on s t ra tospher ic  NO, 

i n j e c t i o n ,  a h igh s e n s i t i v i t y  of the ozone per tu rba t ion  t o  the  

scenar io may be in fe r red .  In  the  basel ine case, a maximum 

hemispherical ly-averaged ozone reduct ion o f  % 30% i s  found. However, 

t h i s  would be. s u b s t a n t i a l l y  smal ler  i s  most y i e l d s  of i n d i v i d u a l  

warheads were c: 1 MT. Considering the  re la t i onsh ip  between so la r  

UV-8 r a d i a t i o n  increases and ozone decreases (68), UV-8 doses roughly 

twice 'normal  are expected i n  the f i r s t  year f o l l o w i n g  a basel ine 

exchange ( a f t e r  the dust and soot had d iss ipa ted) .  Larger UV-B 

,e f fec ts  could accompany exchanges invo lv ing  warheads of l a r g e r  y i e l d s  

(or l a rge  mu l t i bu rs t  laydowns). 
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A variety of toxic gases would be generated i n  large quantities 

by nuclear f i res ,  including CO and HCN. 

Birks (7), heavy a i r  pollution, including elevated ozone . 

concentrations, could blanket t h e  N.H. for several months. We are 

a1 so concerned about di oxi ns and furans, extremely persistent and 

toxic compounds released during the combustion of widely-used 

synthetic organic chemicals (69). Hundreds o f  tons of dioxins and 

According t o  Crutzen and 

furans could be generated during a nuclear exchange (70) .  

1 ong-term ecological consequences of these compounds a1 so seems 

worthy o f  future consideration. 

The  

Meteorological Perturbati ons 

Thick clouds of nuclear d u s t  and smoke can cause significant 

climatic perturbations, and related effects, through a variety of 

mecnanisms: reflection of solar radiation t o  space leading t o  an 

overall surface c o o l i n g ;  modification of solar absorption and heating 

patterns which dri ve the atmospheri c ci rcu la t i  on - o n  smal 1 scales ( 7 1  ) 

and large scales ( 7 2 ) ;  in t roduct ion  of numerous cloud condensation 

nuclei which affect the formation of clouds and precipitation (73) ;  

and alteration of the surface albedo by f i res  and soot (74 ) .  These 

effects are closely coupled in determining the overall response of 

the atmosphere t o  nuclear war (75) .  I t  seems very diff icul t  a t  

present t o  forecast i n  any.detai1 the changes i n  coupled atmospheric 

circulation and radiation fields, and i n  weather and microclimates, 

for  the massive dust and smoke injections treated here. Hence, 

speculation must be limited t o  the most general considerations. 
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Water evaporat ion from the  oceans imp l ies  a cont inu ing source of 

moisture f o r  the  marine boundary layer.  A heavy 'semi-permnent fog 

o r  haze laye r  might b lanket  l a rge  bodies o f  water. 

f o r  marine p r e c i p i t a t i o n  are unclear, p a r t i c u l a r l y  if t h e  normal 

p r e v a i l i n g  winds are grea t ly  modi f ied by the perturbed so la r  d r i v i n g  

force. 

winds i n  coastal  regions, causing heavy p r e c i p i t a t i o n  i n  these areas, 

and induc ing  a r e t u r n  flow a l o f t ,  poss ib ly  conta in ing  subs tan t ia l  

amounts of condensed water. Cer ta in  cont inenta l  zones might be 

The consequences 

Cold a-ir from the cont inents might c i r c u l a t e  as offshore 

subject  t o  continuous snowfall f o r  several months (10). 

P r e c i p i t a t i o n  can lead t o  soot removal, although t h i s  process may not 

be very e f f i c i e n t  fo r  nuclear clouds (71, 73) .  It i s  l i k e l y  tha t ,  on 

average, p r e c i p i t a t i o n  rates would be genera l ly  smal ler  than i n  the 

ambient atmosphere; t he  major remaining energy source ava i l ab le  for  

storm genesis i s  the  l a t e n t  heat from ocean evaporation. 

Despi te poss ib le  heavy snowfalls, i t  i s  improbable t h a t  an I c e  

Age would be t r i gge red  by a nuclear war. 

yea r )  is i n  a l l  l i k e l i h o o d  too shor t  t o  overcome the  considerable 

i n e r t i a  i n  the  Ear th ' s  c l imate system. The oceanic heat rese rvo i r  

would probably force t h e  c l imate toward contemporary norms i n  t h e  

years fo l l ow ing  a war. 

s i  gni  f i cant c l ima to log i ca l  l y  (7 ) .  

The per iod  o f  cool ing (4 1 

The CO2 i npu t  from nuclear f i r e s  i s  not 

In terhemispher ic  Transport 

E a r l i e r  s tud i  es assumed t h a t  s i  gni f i  cant i nterhemi spher i  c 

t r a n s f e r  o f  nuclear debr is and r a d i o a c t i v i t y  requi res a year  or 
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more ( 2 ) .  

under ambient conditions, including the dispersion of debr i s  clouds 

from atmospheric nuclear weapons tests.  However, w i t h  dense clouds 

of d u s t  and smoke, as described above, massive dynamical disturbances 

would be expected i n  the aftermath o f  a nuclear war. A rough analogy 

can be drawn w i t h  the evolution of  global-scale d u s t  storms on Mars. 

The lower Martian atmosphere i s  similar i n  density t o  the Earth's 

stratosphere, and the period of rotation s almost identical t o  the 

E a r t h ' s .  

rapidly intensify and spread over t h e  ent re planet, crossing the 

equator i n  a mean time 10 days (15, 76, 7 7 ) .  

apparently l ies  in the heating of the d u s t  a lof t ,  w h i c h  t h e n  

dominates other heat sources and drives the circulation. Haberle et 

- a l .  ( 7 6 )  simulated the evolution of Martian d u s t  storms and found 

t h a t  d u s t  a t  low latitudes, in t h e  core o f  the Hadley circulation, i s  

the most cr i t ical  i n  modifying the winds. In a nuclear exchange, 

most of the d u s t  and smoke would be injected at-middle latitudes. 

However, Haberle e t  al. (76)  d i d  no2 include planetary-scale waves i n  

their  calculations. 

be c r i t i ca l  i n  the transport of nuclear war debris between middle and 

low latitudes. 

T h i s  perception was based on observations o f  transport 

Dus t  storms that develop i n  one hemisphere on Mars often 

The explanation 

- 

- 
Perturbations o f  planetary wave amplitudes may 

There appear to be four d i  s t i  nct mechanisms which could produce 

significant atmospheric effects i n  the S.H.: ( 1 )  Direct soot 

injection following targeting o f  S.H. c i t i es  by as few as 100 MT 

,(e.g., Case 14, Figures 1, 2 and 4 ) .  ( i i )  Normal tropospheric wind  

patterns. Because the "meteorol ogi  cal equator" 1 i es near S O N  
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l a t i t u d e ,  Some of the debr is  from nuclear explosions below 20-30'N 

(e.g., i n  I nd ia  and South China) could be c a r r i e d  i n t o  t h e  S.H., 

p a r t i c u l a r l y  i n  t h e  monsoon season (78).  ( i i i )  Normal 

in terhemispher ic  exchange o f  s t ra tospher i c  a i r .  

photometric observations o f  the E T  Chichon vo lcanic  c loud (o r i g in ,  

14'N) by t h e  Solar Mesospheric Explorer  sate1 l i t e  show t h a t  perhaps 

10-20% of the  aerosol mater ia l  had been t ranspor ted t o  the  S.H. a f t e r  

For example, 

7 weeks (79). ( i v )  Unprecedented t ropospher ic  and s t ra tospher ic  

t ranspor t  d r iven  by temperature gradients between the  hot, dust- and 

soot-laden NOH. upper atmosphere and the  cold, i n i  ti a1 ly-c lear ,  S .H, 

up pe r atmos p he re. 

Resolut ion of  the problem o f  accelerated in terhemispher ic  

t ranspor t  fo l low ing  a la rge  nuclear exchange must await, a t  the 

leas t ,  more de ta i l ed  general c i r c u l a t i o n  model ca lcu la t ions .  The 

response o f  the atmosphere could t u r n  out t o  be sens i t i ve  t o  the 

quant i t ies ,  a l t i t udes ,  and geographical l o c t i o n s  o f  the  dust and 

smoke in jec t i ons ,  which are uncer ta in .  The imp l ica t ions  o f  rap id  

in terhemispher ic  t ranspor t  are serious. 

occur w i t h i n  a few weeks, the S.H. could be subjected t o  severe 

environmental stresses even i n  the  absence o f  a d i r e c t  a t tack.  

If global-scale mixing can 

Concl u s i  ons 

The studies ou t l ined  here suggest severe long-term c l i m a t i c  

e f f e c t s  f r o m  a paroxysmal 5000 MT nuclear exchange, Despi te 

unce r ta in t i es  i n  the  amounts and proper t ies  of the dust and smoke. 
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produced by nuclear detonations, the following tentative conc1,usions 

may be drawn: 

1. Contrary t o  the f i n d i n g s  o f  ear l ier  studies [e.g., ( Z ) ] ,  

global nuclear war m i g h t  have a major impact on climate -- manifested 

by an unbroken overcast for many weeks, subfreezing land temperatures 

persisting f o r  several months, large perturbations i n  global 

circulation patterns, and dramatic changes i n  local weather and 

precipitation rates -- a harsh "nuclear winter'' in any season. 

Greatly accelerated interhemispheric transport i n  t h e  stratosphere 

m i g h t  also occur, a l though modeling studies are needed t o  quantify 

t h e  importance of this effect; 

that the Southern Hemisphere could be subected t o  massive injections 

of nuclear debris.soon after an exchange i n  the Northern Hemisphere. 

In apparently a l l  previous studies, S.H. effects have been assumed t o  

be minor. Although the climate disturbances are expected t o  las t  for 

Rapid interhemispheric mixing implies 

seems unlikely (although s t i l l  uncertain) t h a t  a 

imatic change, such as an Ice Age, would be 

several years, i t  

major long-term c 

triggered. 

2. Relative y large climatic effects m i g h t  result even from 

small nuclear exchanges ( %  100 t o  1000 MT), because f i res  can be 

init iated by nuclear weapons o f  any size;and as l i t t l e  as'L100 MT i s  

sufficient to devastate most of the world's major urban centers. The 

existence of such a low threshold yield f o r  massive smoke emissions 

implies that even limited nuclear exchanges could trigger severe 

aftereffects. 

would produce only  relative minor effects. 

I t  i s  much less likely t h a t  a 5,00U-10,000 MT exchange 
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2 1  

3. The climatic impact.of sooty smoke from nuclear fires.  

i g n i t e d  by airbursts i s  probably more important than d u s t  raised by 

surface bursts (when both effects occur).- Smoke is generally 

h i  ghly-absorbi ng, whereas soil d u s t  i s  t y p i  cal ly non-absorbi ng. 

Smoke particles are extremely small, which lengthens their 

atmospheric residence times. There i s  also a h i g h  probability that 

nuclear explosions over cit ies and forests will i n i t i a t e  widespread 

f i res .  

4. Smoke from urban fires may be more important than smoke from 

collateral forest f i res  for two reasons: (1) i n  a full-scale 

exchange, c i t i e s  holding large stores o f  combustible materials would 

be attacked directly; and ( 2 )  intense f i r e s t o m  could pump smoke 

into the upper atmosphere, where the residence time i s  a year or 

more. 

5. Nuclear d u s t  can also contribute t o  the climatic impact of 

nuclear exchange. Previous analogies w i t h  volcanic eruptions have 

been misinterpreted. The dust-climate .effect i s  very sensitive t o  

the conduct of the war; a smaller effect i s  expected when lower yie  

weapons are deployed and air bursts dominate over surface land  

bursts. Mult i  b u r s t  phenomena might  synergisti cal ly enhance nuclear 

a 

d 

d u s t  climatic effects, b u t  irlsufficient data are available t o  assess 

this  problem. 

6. Exposure t o  radioactive fallout may be more intense and 

widespread than i s  predicted by standard empirical exposure models, . 

which neglect the intermediate fallout extending over many days and 

weeks, particularly when unprecedented quanti t i  es o f  fission debri s 
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are re1 eased abruptly i n  the atmosphere. Average mi d l  a t i  tude 

whole-body g a m  ray doses of 50-100 rad are possible i n  a 5000 MT 

exchange, w i t h  rmch larger doses within the f a l l o u t  plumes o f  

radioactive debris extendi ng hundreds o f  ki 1 ometers downwi nd o f  

targets. 

7. Synergisms between long-term nuclear war stresses -- e.g., 

low light levels, subfreezing temperatures, exposure t o  intermediate 

timescale radioactive falloct, heavy a i r  pollution, and UV-6 flux 

enhancements -- aggravated by the destruction of medical faci l i t ies ,  

food stores, and civil services, could lead t o  many additional 

fa ta l i t i es ,  and could place the global ecosystem i n  serious jeopardy. 

Our estimates of nuclear war effects are uncertain because the 

problem i s  too complex t o  resolve precisely w i t h  existing analytical 

tools, because the da ta  base i s  incomplete, and because the problem 

i s  not amenable t o  experimental investigation. In particular, we are 

unable t o  forecast the detailed nature of the changes i n  atmospheric 

dynamics and meteorol-ogy implied by our nuclear war scenarios, nor 

the effect of such changes on the maintenance o r  dispersal of the 

i n i t i a t i n g  smoke and dust clouds. Nevertheless, t h e  magnitudes of 

the first-order effects are so large, and the implications SO 

serious, t h a t  we hope the scientific issues raised here will be 

vigorously and cri t ically examined ( 7 9 ) .  
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- 93, 360, 1970). 

A 1 MT surface explosion can ra i se  s i g n i f i c a n t  quan t i t i es  o f  

dust over an area o f  100 km2 by popcorning, due t o  thermal 

rad ia t i on ,  and by sa l ta t ion ,  due t o  pressure winds and 

turbulence (Ref. 26). Much of  the dust i s  sucked up i n  t h e  

af terwinds establ ished by the r i s i n g  f i r e b a l l .  

should favor  t he  greatest l i f t i n g  f o r  the  f i n e s t  pa r t i c l es .  

The extent  o f  d isaggregat ion i n t o  

- 

29. 2-4 x lo4 tons o f  soi 1 

Some o f  

30. 

S i t e  so r t i ng  

The 

quan t i t y  of dust l o f t e d  would be s e n s i t i v e  t o  s o i l  type, 

moisture and compactness, vegetat ive cover, and t e r r a i n .  

Probably > 1 x lo5 tons of dust can be incorporated i n t o  the  

s t a b i l i z e d  clouds i n  t h i s  manner. 
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31. Gutmacher, R. G., 6 .  H. Higgins and ti. A. Tewes, Lawrence 

L i  v e m r e  Laboratory Report UCRL-14397 (1983); J. Carpenter, 

p r i  vate communi ca t i on  (1983) . 
32. Nathans, M. W., R. Thews and I .  3.  Russell, i n  Radionuclides i n  

These data t h e  Environment, Adv. Chem. Series, - 93, 360 (1970). 

suggest s i z e  d i s t r i b u t i o n s  t h a t  are log-normal a t  small s izes 

($ 3 urn) and power law (Yo) a t  l a r g e r  sizes. Considering 

data from a number o f  nuclear tes ts ,  we have adopted an average 

log-normal mode radius o f  0.25 um, u = 2.0, and an exponent, 

a = 4 (Ref. 15) .  I f  a l l  p a r t i c l e s  i n  t h e  s t a b i l i z e d  clouds l i e  

i n  t h e  range 0.01 t o  1000 m radius, t h e  adopted s i z e  

d i s t r i b u t i o n  has 

radius;  t h i s  f r a c t i o n  o f  t h e  s t a b i l i z e d  c loud mass represents 2 
0.5% o f  the t o t a l  e jecta and sweep-up mass o f  a surface 

explosion, and amounts t o  25 tons/KT of y i e l d .  

€% o f  the  t o t a l  mass i n  p a r t i c l e s  2 1 um 

33. Ishikawa, E., and 0. L. Swain (Transl . ) ,  Hiroshima and Nagasaki: 

The Physical ,  Medical and Social  E f f e c t s  o f  the  Atomic Bombinqs, 

Basic Books, New York, 706 pp. (1981). 

A t  Hiroshima, a 2 13 KT device created a f i r e  over a 13 km2. 34. A t  

Nagasaki, where i r r e g u l a r  t e r r a i n  i n h i b i t e d  mas f i r e  formation, 

a i 22 KT weapon caused a f i r e  over 

suggest t h a t  low y i e l d  (: 1 MT) nuc lear  explosions can read i l y  

i g n i t e  f i r e s  over an area o f  

t h e  area contained w i t h i n  the  

7 km2. These two cases 

0.3-1.0 km2/KT. This i s  roughly 

10 cal/cm2 and the 2 psi- 

overpressure contours (Ref. 26). 
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Mart in,  S. B., "The ro le  o f  f i r e  i n  nuclear warfare," URS 

Research Co. Report URS-764 (DNA 2692F), 166 pp. (1974). 

DCPA Attack Environment Manual, Chapter 3, U S .  Department o f  

Defense, Washington, D.C.. (1973). 

FEMA Attack Environment Manual, Chapter 3, "What the  Planner 

Needs t o  Know About F i r e  I g n i t i o n  and Spread," Federal Emergency 

Management Agency, CPG 2-1A3 (1982). 

Brode, H. L., Large-Scal e Urban F i res ,  P a c i f i c  S i e r r a  Research 

Corp. Note 348, Santa Monica, CA (1980). 

Larson, D. A., and R. D. Small, Analysis o f  the Large Urban F i r e  

Environment, P a c i f i c  S ier ra Research Corp. Rpt. 1210, Santa 

Monica, CA (1982). 

The urban and suburban areas o f  c i t i e s  w i t h  populat ions 

exceeding 100,000 (about 2300 worldwide) are surveyed i n  (15 ) .  

Also discussed are global f ue l  reserves, which a r e  shown t o  be 

roughly consis tent  wi th  known ra tes  o f  product ion and 

_.- 

accumulation of combustible mater ia ls .  
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44. Smoke emission da ta  for f o r e s t  f i r e s  a r e  reviewed by D. V.  

Sandberg, J. M. Pierovich, D. G. Fox and E. W. Ross, E f fec t s  of 

Fire on Air, Forest  Service Tech. Rpt. NO-9 (1979). The l a r g e s t  

emission f a c t o r s  occur i n  intense la rge-sca le  f i r e s  where 

smouldering and flaming condi t ions exist simu taneously,  and the 

oxygen supply may be l imi ted  over par t  of the burning zone. 

Smoke emi ssi ons from urban fuel  s consi s t i  ng o syn the t i c  organ1 c 

compounds would be l a rge r  than those  from f o r e s t  fuels (e.g., 

C .  P .  Bankston, B. T. Z i n n ,  R. F. Browner and E. A. Powell, 

Comb. Flame, - 41, 273, 1981). 

Sooty smoke i s  a complex mixture of o i l s ,  t a r s  and g raph i t i c  (o r  

elemental ) carbon. Measured benzene-soluble mass f r a c t i o n s  of 

wildfire smokes f a l l  in the range 5 40-75% (Sandberg e t  a l . ,  

Ref. 44). 

(the co lo r  of smoke ranges f r om white, when l a rge  amounts of 

water vapor a r e  present, t o  yellow o r  brown, when o i l s  

predominate, t o  gray or black, when elemental carbon i s  a major 

component ) . 

45. 

Most of t he  res idue  i s  l i k e l y  t o  be brown t o  black 

46. Tewarson, A., i n  Flame Retardant Polymeric Materi a1 , Vol . 3,  M. 

L e w i n ,  S. M. Atlas  and E. M. Pierce, Eds., Plenum, NY,  pp .  

97-153 (1982). In small l abora tory  burns of a va r i e ty  of 

polymeric compounds, the emissions of " so l id"  materi a1 s (wh ich  

remained on co l l ec t ion  f i l t e r s  a f t e r  baking a t  100°C f o r  24 

hours )  ranged from 2 1-15% by we igh t  of the carbon consumed; of 

low v o l a t i l i t y  l i q u i d s ,  2 t o  35%, and of h i g h  v o l a t i l i t y  

l i q u i d s ,  1 t o  40%. The op t i ca l  e x t i n c t i o n  of the smoke 
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generated by a large number of samples varied from = 0.1-1.5 m2 

per gram o f  fuel burned. 

47. In wildfires, the particle number mode radius i s  typically Q 

0.05 (Sandberg e t  al., see Ref. 44). For burn ing  synthetics, 

the number mode radius can be substantially greater, b u t  a 
- 

reasonable average value i s  0.1 um (e.g., C. P. Bankston, B.  

T. Zinn, R. F. Browner and E.  A. Powell, Comb. Flame, 41, 273, 

1981). 

u p  by powerful f i r e  winds, b u t  these have short atmospheric 

- 
Often, larger debris particles and firebrands are swept 

residence t i m e s  and are n o t  included in the present estimates 

( C .  K. McMahon and P. W. Ryan, Paper 76-2.3, 69th Annual  

Meeting, Air Pollution Control ASSOC., Portland, Oregon, June 

27-July 1, 1976).  

km/hr  may be generated in large-scale f i res ,  significant 

Nevertheless, because wi nds exceed1 ng 100 

quantities o f  fine noncombustible surface d u s t  and explosion 

debris (e.g., pulverized plaster) might be l if ted in addition t o  

the smoke particles. 

48. This assumes an average graphitic carbon fraction of about  

15-30?, (J. T. Twitty and J .  A. Weinman, J .  Appl ,  Meteorol., 10, 

725, 1971; S. Chippett and W.  A. Gray, Comb. Flame, 31, 149, 

1978). The real part o f  the refractive index of pure- carbon i s  

1.75, and o f  many oils, i s  1.5. Smoke particles were assigned a 

density of 2 g/cm3; graphite has a density 3 2.5 g/cm3, and most 

oi ls ,  ; 1 g/cm3. 
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49. A number of t a rge ts  wi th  m i l i t a r y ,  economic or p o l i t i c a l  

s ign i f i cance can also be i d e n t i f i e d  i n  t r o p i c a l  nor thern 

l a t  tudes and i n  the  Southern Hemisphere (e.geY Ref. 19). 

50. The d i  rsct at ten tua t ion  (neg lec t ing  subsequent sca t te r i ng )  o f  

sun i g h t  by dust and smoke p a r t i c l e s  obeys the  law, 1/10 = 

exp (-t), where T i s  the e x t i n c t i o n  o p t i c a l  depth due t o  photon 

sca t te r i ng  and absorption by the  pa r t i c l es ,  and arccos u0 i n  t h e  

s o l a r  zen i th  angle. The op t i ca l  depth depends on the  wavelength 

o f  t he  l i g h t  and the  size d i s t r i b u t i o n  and composition o f  t h e  

p a r t i c l e s ,  and nust general ly be ca lcu la ted  us ing Mie theory 

(assuming equiva lent  spher ical  p a r t i c l e s ) .  The t o t a l  l i g h t  

i n t e n s i t y  ( d i r e c t  p lus d i f fuse)  depends on both t h e  sca t te r i ng  

and absorpt ion op t i ca l  depths ( T ~  and Ta, respec t ive ly ) .  

maximum l i g h t  i n t e n s i t y  poss ib le  is I, = Io exp(-Ta). 

o p t i c a l  depth can be w r i t t e n  as, 7 = SML, where S i s  t h e  

s p e c i f i c  cross-section (m2 per gram of  p a r t i c u l a t e ) ,  M i s  the 

suspended p a r t i c l e  mass concentrat ion (g/m3), and L i s  the path 

The 

The 

length  (m). 

v i s i b l e  wavelengths- 

imaginary index of re f r c t i on .  

0.1 m2/g. 0-1 t o  10 m2/g, 

roughly i n  p ropor t ion  t o  the f r a c t i o n  o f  elemental carbon 

(g raph i te )  i n  the  pa r t i c l es .  Occasionally, spec i f i c  e x t i n c t i o n  

c o e f f i c i e n t s  f o r  smoke are s tated r e l a t i v e  t o  the mass o f  fue l  

burned; then S i m p l i c i t l y  inc ludes a m u l t i p l i c a t i v e  emission 

Fine dust and smoke have a Ss of 1-5 m2/g at 

However, Sa i s  very s e n s i t i v e  t o  t h e  

For t y p i c a l  s o i l  pa r t i c l es ,  Sa 2 
For smokes, Sa can vary f r o m  

f a c t o r  (grams of smoke generated per gram of f ue l  burned). 
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56, 

Toon, 0. B., and 3. B. Pol lack,  Natural His tory ,  86, 8 (1977).  

Lamb, H. H., Climate Present, Past and Future, Vol. 1, . 

Fundamentals and Climate Now, 613 pp.; Vol . 2, Cl imat ic  History 

and the Future, 835 pp., Methuen, London (1977). 
. 

57. Nothwithstanding possible  a l t e r a t i o n s  i n  the su r face  a1 bedo due 

t o  the fires and deposit ion of soot  (see Refs. 15, 74). 

Milne, 0. H., and C. P. McKay, Geoloqical SOC. Amer. Special  

Paper 190, L. T. Si lve r  and P.  H. Schu l t r ,  eds., p. 297 (1982)-  

Toon, 0. B., Trans. Am. Geophys. Union (EOS), 63, 901 (1982).  

The  s t r a tosphe re  i s  normally defined as the region of constant  

or increas ing  temperature with inc reas i  ng h e i g h t  l y i  ng just 

above the troposphere.  The residence time of fine p a r t i c l e s  i n  

the s t r a tosphe re  i s  considerably longer t h a n  i n  the upper 

t roposphere due t o  the g rea t e r  s t a b i l i t y  of the s t r a t o s p h e r i c  

a i r  layers  and t h e  absence of p r e c i p i t a t i o n  i n  the 

s t r a tosphe re .  W i t h  large smoke i n j e c t i o n s ,  however, the ambient 

temperature p r o f i l e  would be s u b s t a n t i a l l y  d i s t o r t e d  and a 

" s t r a tosphe re"  m i g h t  form in  the v i c i n i t y  of the smoke cloud,' 

i nc reas ing  i t s  residence time a t  a l l  a l t i t u d e s  (Ref.  15) .  T h u s ,  

58. 

59. 

60. 



e 

. 
33 . 

the  timescales for  sun1 i ght  a t tenuat ion  and temperature 

per tu rba t ions  i n  Figures 1-7 may be considerably 

underestimated. 

61. Transport of soot from the boundary l aye r  i n t o  t h e  over ly ing  

f r e e  troposphere can occur by d iu rna l  expansion and cont rac t ion  

o f  the boundary layer,  by large-scale advection, and by s t rong 

l o c a l i z e d  convection. 

62. Barnaby, F., and J. Rotb lat t ,  Ambio, 

63. The term " intermediate" f a l l o u t  d i s t  

deposited between several days and 2r 

- 11, 84 (1982). 

nguishes the rad 

1 month a f t e r  an 

oac t i  v i  t y  

exchange 

from."prompt" f a l l o u t  (: 1 day) and " l a t e "  f a l l o u t  (months t o  

years) .  The intermediate f a l l o u t  i s  expected t o  be a t  l e a s t  

hemispherical i n  scale, and can s t i l l  d e l i v e r  a s i g n i f i c a n t  

chronic whole-body gamma ray dose. The in termediate f a l l o u t  may 

a lso  con t r i bu te  a substant ia l  i n t e r n a l  dose, f o r  example f rom 

l 3 I I .  The intermediate gamma ray dose represents, i n  one sense, 

t he  minimum average post-exchange exposure. However, the 

geographical d i s t r i b u t i o n  of in termediate f a l l o u t  would s t i l l  be 

h i g h l y  var iab le,  and estimates o f  t he  average dose made w i th  a 

one-dimensional model are g rea t l y  idea l i zed .  The present 

ca l cu la t i ons  were ca l i b ra ted  against  the observed prompt fa1 l o u t  

o f  nuclear t e s t  explosions (Ref. 15). 

64. There i s  also reason t o  be l ieve  t h a t  the  f i s s i o n  y i e l d  f r a c t i o n  

o f  nuclear devices may be increas ing  as warhead y i e l d s  decrease 

and uranium processing technology improves. If the f i s s i o n  

f r a c t i o n  were un i ty ,  our dose estimates would have t o  be 
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doub7eL. This a lso  neglects addl t i ona l  p o t e n t i a l  sources o f  

rad ioac t i ve  fa1 l o u t  from sa l ted  " d i r t y "  weapons and explosions 

over nuclear reactors.  

65. Lee, H., and W. E. Strope, Stanford Res. Ins t .  Report EGU 2981, 

Menlo Park, CA (1974). The authors s tud ied exposure i n  the  USA 

t o  transoceanic fa1 l o u t  generated by several assumed Sino-Sovi e t  

nuclear exchanges. 

f a l l o u t  debris, p ro tec t ion  by shel ters ,  and a five-day delay 

before i n i  t i  a1 exposure, po ten t i  a1 whole-body gamma ray doses 

'L 10 rad and i n t e r n a l  doses > 10-100 rad, mainly t o  the  t h y r o i d  

and in tes t i nes ,  were estimated. 

Taki ng i n t o  account the  weather1 ng of 

% 

66. These estimates assume normal ra tes  and pa t te rns  o f  

p r e c i p i t a t i o n ,  which cont ro l  the  in termediate rad ioac t ive  

f a l l o u t .  In severely perturbed cases, however, i t  may happen 

t h a t  t he  i n i t i a l  d ispersal  of the  a i rbcrne  r a d i o a c t i v i t y  i s  

accelerated by heating, but  t h a t  in termediate deposi t ion i s  

suppressed by lack of p r e c i p i t a t i o n  over land. 

Johnston, J. ,  G. Whitten and J. Birks, J .  Geophys, Res., 78, 
6107 (1973); Johnston, H. S., J .  Geophys. Res., 82, 3119 (1977). 

67. 

68. Gerst l ,  S. A. W . ,  A. Zardecki and H. L. Wi'ser, Nature, 294, 352 - 
(1981 ) . 
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70, Josephson, J., Env. Sci. Technol., 17, 124A (1983). i n  the  - 
burning of PCB's, f o r  example, the  release of t o x i c  p o l y c y c l i c  

ch lo r ina ted  organic compounds can amount t o  0.1% by weight. In 
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the U.S. alone, more t h a n  300,000 tons of PCB's are currently i n  

use i n  electrical systems ( S .  Miller, Env. Sci. Technol., l7, 

11A, 1983). 

Chen, C.-S., and H. D. Orville (J. Appl. Meteorol., 16, 401, 

1977) model the effects of fine graphitic d u s t  on cumulus-scale 

convection. 

t ive motions can be established in s t i l l  a i r  w i t h i n  ten minutes 

after the injection of a km-sized cloud o f  submicron particles 

of carbon black, a t  mixing ratios < 50 parts per billion by 

mass. When excess humidity i s  added i n  their  model t o  induce 

71. 

Among other f i n d i n g s ,  they show t h a t  strong convec- 

% 

rainfall ,  stronger convection results; the carbon d u s t  is raised 

higher and spread farther horizontally, while < 20% i s  scavenged 

by the precipitation. Gray, W, M., W.  M. Frank, M. L. Torrin 

and T. A, Stokes (3. Appl . Meteorol . , l5, 355, 1976) discuss 

possible weather modifications on the mesoscale (z  100 K )  due t o  

large carbon d u s t  injections.  

72. C. Covey, S. Thompson and S-. Schneider (prvt. corn.) o f  NCAR 

have carried o u t  preliminary GCM simulations using soot burdens 

similar t o  those i n  our baseline model.- They .find major global 

circulation perturbations w i t h i n  a week o f  injection. 

73. Eagan, R. C., P .  V. Hobbs and L. F. Radke, J .  App l .  Meteorol., 

- 13, 553 (1974). 

Sagan, C., 0. 8. Toon, and J. B. Pollack (Science, 206, 1363, 

1979) discuss the impact of anthropogenic albedo changes i n  

74. 

g l o b a l  climate. Nuclear war may .cause albedo changes i n  several 

ways: by burning large areas o f  forest and grassland; by 
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fires in the present model consume 

only 1% of the global landmass; 

variation over such a l imited area 

soot i n  the baseline nuclear war m 

generating massive quantities of soot which can se t t le  o u t  on 

plants, snow fields and ocean surface waters; and by altering 

the pattern and extent of ambient water clouds. The nuclear 

an area 

t i s  doub t fu l  t h a t  an albedo 

is significant. All of the 

del, if spread uniformly over 

1.5 x lo6 km2, o r  

the E a r t h ,  would amount t o  a layer % 0.5 um t h i c k .  

soot settled out  uniformly on all surfaces, the f i r s t  rainfall 

would wash i t  i n t o  soils and watersheds. The question o f  the 

effect of soot on snow and ice fields i s  currently under debate 

(J. Birkr, prvt. corn., 1983). In general, soot or sand 

accelerates the melting of snow and ice. 

i n t o  the oceans would be rapidly removed by nonselective 

filter-feeding p l a n k t o n ,  i f  they survived the i n i t i a l  darkness. 

Even if the 

Soot which sett les 

75. I n  the present calculations, chemical changes i n  stratospheric 

03 and NO2 concentrations cause a very small temperature 

perturbation compared t o  t h a t  caused by nuclear d u s t  and smoke; 

i t  seems unlikely t h a t  chemically-induced climatic disturbances 

would be a major factor i n  a nuclear war. 

concentrations, i f  tripled (Ref. 7 ) ,  would lead t o  a small 

greenhouse warming of the surface ( W .  C. Wang, Y.  L. Yung, A. 

A. Lacis, T. Mo and J .  E. Hansen, Science, - 194, 685, 1936). 

This might  result i n  a more rapid surface temperature recovery. 

However, the tropospheric 03 i ncrease i s  transient ( s  3 months 

Tropospheric ozone 
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FIGURE CAPTIONS 

1. Time-dependent hemispherical ly-averaged vertical optical depths 

(extinction = scattering plus absorption) of nuclear smoke and 

dust clouds a t  550 nm wavelength. Optical depths 2 -0.1 are 

negligible, % 1 are significant, and 'v 10 imply possible major 

consequences. 

nonlinear a t  optical depths > 1. Results are given for several 

o f  the scenarios listed i n  Table 1. Calculated optical depths 

The transmi-ssi on o f  sun1 i g h t  becomes h i  ghly 

% 

f o r  the expanding El Chichon eruption cloud are offered for 

compari son ( 51 ) . 
Hemispheri cally-averaged surface temperature variations 

following a nuclear exchange. Results are shown f o r  several of 

the scenarios i n  Table 1. (Note the linear timescale, unlike 

t h a t  in Figure 1). 

interior of continental land masses. I n  Cases 4 and 11, f i res  

are neglected. In the other cases, smoke contributes t o  the 

temperature effect i n  varying degrees. 

Northern Hemisphere troposphere and stratosphere temperature 

perturbations i n  KO (or i n  C o )  fo l lowing  the baseline nuclear 

exchange (Case 1). The cross-hatched area indicates cooling. 

2. 

The temperatures generally apply t o  the 

3.  

Pressures are given i n  millibars. 

Solar energy fluxes a t  the ground over the Northern Hemisphere 

i n  the aftermath o f  a nuclear exchange. Results are given for 

several o f  the scenarios i n  Table 1. (Note the linear 

timescale.) 

cycle and over the hemisphere. 

A l s o  ind ica ted  on the figure are the approximate f l u x  levels a t  

4. 

The solar fluxes are averaged over the diurnal 

Cases 4 and 16 neglect f ires.  



which photosynthesis cannot keep pace w i t h  p l a n t  respiration 

(compensation poi n t  ) , and a t  whi ch photosynthesis ceases. These 

limits vary for different species. 

5. Time-dependent vertical optical depths (absorption plus 

scattering a t  550 n m )  of nuclear dust clouds, i n  a sensitivity 

analysis. 

Northern Hemisphere. The cases shown are: 4, baseline d u s t  

only,  3.3 x lo5 tons/MT for surface bursts, size distribution as 

described in (32); 5, h igh  d u s t  loading, 1 x lo6 tons/MT; 6, low 

dust loading, 1 x lo5  tons/MT; 7, coarse dust, mode radius 'L 1.0 

urn; 8, fine dust, mode radius 'L 1.0 um. 

- 
The optical depths are average values f o r  the 

6. Time-dependent vertical optical depths (absorption plus 

scattering a t  550 nm) of  nuclear smoke clouds, i n  a sensitivity 

analysis. 

Northern Hemi sphere. A 1  1 cases shown correspond t o  parameter 

variations of the baseline model and a l l  include dust 

appropriate t o  t h a t  case (Case 1): 3, no firestorms; 4 no f i res ;  

22, smoke rainout r a t e  decreased by a factor of 3; 25, smoke 

i n i t i a l l y  confined t o  the lowest 3 k m  of the atmosphere; 26, 

smoke ini t ia l ly  distributed between 13 and 19  km over the entire 

The optical depths are average values for the 

globe; 27, smoke imaginary part  of refractive index reduced from 

0.3 t o  0.1; 28, smoke material density reduced from 2 g/cm3 t o  

1 g/cm3. 

considered (fires are ignored) for comparison. 

In Case 4, only dust from the baseline case i s  

7. Time-dependent vertical optical depths (absorption p l u s  

scattering a t  550 n m )  f o r  more severe cases of explosion yield 

f o r  nuclear dust and smoke production. The conditions are 

detailed i n  (15 ) .  The yield inventories are identical t o  the 



nominal cases of the same total yield described in Table 1 

(Cases 16 and 18 are‘ listed there). The “severe“ cases 

generally include a sixfold increase i n  the fine dust injection, 

and a doubling of the smoke emission. 

smoke causes most of the opacity during the f i r s t  1-2 months. 

In Cases 1 7  and 18, dust makes a major contribution t o  the 

optical effects beyond 1-2 mon ths .  I n  Case 16, fires are 

neglected and dust from surface bursts produces all of the 

opacity . 
Hemispherically-averaged nuclear radiation doses associated with 

fallout i n  the baseline model (Case 1). The curves correspond 

t o  the whole-body g a m  ray doses received after a specific 

i n i t i a l  time (abscissa) i n  a region where fallout began a t  a 

specific earlier time ( i n d i v i d u a l  curves). The dashed line 

defines the maximum dose possible as a function of the init ial  

fallout time. For each curve, the exposure t o  fal’lout on the 

ground s assumed t o  continue indefinitely. 

In Cases 15, 17  and 18, 

8. 

9. Nuclear NOx injections f o r  several exchange scenarios. The 

injections are given as tons  of NO per 2-km altitude interval. 

As a very rough conversion, each 1 x LO6 t ons  of stratospheric 

NO injection increases UV-8 radiation exposures a t  the ground by 

2-496 (68).  

increment i n  UV-8 fluxes,  and Case 18 corresponds t o  an 

increment by factors o f  2 t o  4. 

Thus ,  the baseline case corresponds t o  a 40 t o  80% 



TABLE 1. NUCLEAR EXCHANGE SCENARIOS 

% Yield 

Total Surface Industrial Yield Number of 
Yield (MT) Bursts Targets Range (MT) Explosions 

% Yield Urban or Warhead Tot a1 

1. Baseline 
.exchange 

2 ,  Low yield 
airbursts 

9. 10,000 MT 
maxi mum 

10. 3,000 MT 
exchange 

11, 3,000 M i  
counterforce 

12. 1,000 MT 
exchange ( 3 

13. 300 MT 
South ern 
Hemi sphere ( 4, 

14. 100 MT 
city attack(s) 

5,000 57 

5,000 10 

10,000 63 

3,000 50 

3,000 50 

1,000 50 

300 0 

100 0 

20 

33 

15 

25 

0 

'2 5 

50 

100 

9,l-lO 

0.1-1 

0*1-10 

0 3-5 

1-10 

0.2-1 

1. 

0.1 

15. Si  1 os "severe" 
case t6) 5,000 100 0 5-10 

18. 25,000 MT 
I' f u t u  re war 'I 25,000 72 10 0.1-10 

10,400 

22, SOO(2 1 

16,160 

5,433 

2,250 

2,250 

300 

1,000 

700 

28,300(2 

(1) 

(2) 

( 4 )  
( 5 )  

(6) , A  sixfold increase i n  the fine d u s t  mass lofted per megaton yield is  

The case numbers correspond t o  a complete l i s t  given i n  Ref. 15. 
detai led detonation inventor4 es are not reproduced here. 
Assumes more extensive MIRVing of existing missiles and some possible new 
deployment o f  medium- and long-range missiles (19-22 . 
The nominal -area of wildfires i s  reduced from 1 x lo6 km2 t o  1 x lo4 km2. 
Urban fuel burdens range from 5-20 g/cm2, and f i r e  smoke emissions (per gram 
of fuel burned) are 7% compared t o  5% i n  the baseline case. No wildfires 
are included. 

included. 

The 

( 3 )  The nominal area of wildfires i s  reduced from 1 x 10 4l km2 t o  1 x lo5 k m 2 ,  



TABLE 2a.  DUST PARAMETERIZATION FOR THE BASELINE CASE 

Materi a1 s i n stabi 1 i zed nucl ear expl osi on cl ouds (1) 

Dust Hass Dust Size Distribution ( 2 )  H20 
Type of Burst (tons/MT) rm(um)/u/a. (t ons/MT ) 

Land surface 3.3 x 105 0.25/2.0/4.0 1.0 '105 

Land near-surface 1.0 105 0.25/2.0/4.0 1.0 105 

Low a i  rburst(3) 1.0 x 104 0.25/2.5/--  1.0 104 

H i  gh ai  rbu rs t 1 0  0.10/2.0/-- 3.0 103 

Water surf ace 0 1.0 x 106 

Water near-surfacs 9 --e 1.0 x 106 

Dust composition: si 1 i ceous mineral s and gl asses 

Index of refraction a t  visible wavelengths:(4) fId = 1.50 - 0.001 i 

Stabilized nuclear cloud t o p  and bot tom heights ( z t  a n d  z b ,  respectively, i n  
kilometers) f o r  surface a n d  low-air bursts: ( 5 )  

Zt = !zT - 13) 4- 21 yo ' * ;  Z b  = (ZT - 13)  + 13 Y o . 2 ;  

ZT i s  the tropopause height ( G  13 kin average); Y i s  the yield i n  megatons.' 

:4ultiburst interactions are ignored. 

Baseline Dust Injections 

Total  dust 2 9.6 x 108 tons;  80% i n  the stratosphere; 8.4% < 1 U r n  radius 

The submicron dust injection i s  
represents ?r 0.5% o f  the t o t a l  ejecta mass. 

To ta l  i n i t i a l  a r2a  of stabilized fireballs : 2.0 x 106 km2. 

25 tons /KT f o r  surface bursts, which 

(1) 
( 2 )  Size distributions are log-normal w i t h  a power t a i l  a t  large sizes. The 

ilaterials are assumed t o  be uniformly distributed i n  the clouds. 

parameters r, and G are the log-normal mode size and w i d t h ,  respectively, 
and a i s  the exponent of the r-a dependence a t  large sizes. The log-normal 
ana power law distributions are connected a t  a radius of = 1 pm (15 ) .  
The dust mass could vary from only ?r 10 tons/MT o f  bomb casing smoke t o  'L 

1 x l o 4  tons/NT of soil dust, depending on the height of burst. 
The refractive indices of dust a t  infrared wavelengths are discussed i n  

( 3 )  

( 4 )  
(10) 

( 5 )  The model of 'rl. M .  Foley and id. A .  Ruterman ( J .  Geophys. Res., 78, 4441, 
1973) i s  adopted. 
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TABLE 2b. FIR€ PARAMETERIZATION FOR THE BASELINE 4XSE 

Fire Area acd Emissions 

Area of urban f i re  ignition determined by thermal irradiation (Qo), exceeding 
IO cal icmz assumi ng an average atmospneri c transmittance of 50%: 

A f ( k m 2 )  5 x la3('f/Q0) - r h b  2 

Y = yield i n  rtt?gatOnS; hb = height of burst ( k m ) .  

Af cannot exceed 1.5 x lo6 km2; overlap of f i re  zones i s  ignored. 

Urban fuel burden i s  3-10 g/cm2. 

Effective smoke emission factor i s  % 0.04 per g fuel burned. 

Area of  wildfires i s  1 x lo6 km2 w i t h  % 0.5 g/cm2 of fuel burned, and an 
emission factor of 0.035 g/g.  

Long-term fires burn 3 x lo9 g o f  fuel w i t h  an emission factor o f  0.05 g/g. 

Fire Plume Heights 

Firestorms (10% of urban fires):  

z = 1.5 (4Af/a? ; Zb = Zt/3 ( k m )  

zt 5 ZT + 0.2 (zt - ZT - 2 ) ;  ZT = tropopause height 

zb - < 5 k m  

Mi ldfi res: 1-5 k m  

Long-term f i  res: 0-2 km 

F i  re Duration 

Urban f i res ,  1 day; wildfires, 10 days; long-term f i res ,  30 days. 

Smoke Properties 

Density, 2.0 g/cm3; complex index of refraction, 1.75-0,3 i ;  
size, distribution, log-normal w i t h  r m ( u r n ) / U  = 0.1/2.0 for urban fires 
and 0.05/2.0 for wildfires and long-term fires. 

Baseline Smoke Injections 

Total soot emission =' 4.5 x IO8 tons, 5% i n  the stratosphere. 

Total ash emission = 4.8 x lo7  tons, 5% i n  the stratosphere. 

Urban/suburban f i  res account for 50% of emissions, f i  restorms f o r  7%, 
wildfires for 40%, and long-term fires for 3%. 

Total area burned by urban/surburban fires is 4.6 x lo5 km2; firestorms, 
2.5 x .104  km2; and wildfires, 1.0 x lo6 km2.  
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